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Abstract. Micromechanics of composite materials’ failure has been investigated under static loading by means
of acoustic emission (AE) method. The results showed that for samples made of fiberglass with transverse fibers with
respect to the applied load, the process of destruction both in the deformation parameters and in the parameters of
total AE has two stages of damage accumulation. At the same time the parameter of total AE shows that the process of
destruction begins 5-6% earlier than it is shown by the deformation parameter. Also the nature of the total AE change

was analysed.

Keywords: composite materials, polymer matrix, static loading, acoustic emission, micromechanics.

1. Introduction

Composite materials (composites) are designed to
improve such mechanical characteristics as strength,
specific strength, hardness, specific viscosity and heat
resistance. A composite consists of a base (or matrix)
distributed with certain regularity in the form of a fiber
reinforcer or as dispersed particles.

There are composite materials with two types of
matrix: with a metallic or a polymer base. Both of them
are becoming increasingly widely used in automobile in-
dustry, for aircraft airframes, engines, etc., as they have
a range of physical and chemical properties that cannot
be obtained by using conventional alloys. For example,
metal-based composites reinforced with ceramic fibers
have a high heat resistance, a relatively low specific gravity
and in comparison to conventional alloys have a higher
fatigue strength. Their temperature capability (the ratio
of the temperature at which the tensile strength is 14 kgf/
mm? to the melting temperature) is 0.80-0.98. Polymer
based composites reinforced with carbon fibers have a low
density (up to 3 g/cm?), a high modulus of elasticity (15
000-20 000 kgf/mm?) and a low linear expansion coeffi-
cient (2-5 * 1076 °C 1) as well as a relatively low price.
They have a high specific rigidity and strength in the dir-
ection of reinforcing. This combination of properties is

unachievable in conventional alloys because light metals
(aluminium, magnesium) with a density of 1-7 g/cm?
have a modulus of elasticity of 5000-7000 kgf/mm? and a
very high linear expansion coefficient (20-25 * 1076 °C 1)
(Pridancev 1978). In fibrous composites the main purpose
of the fibers is to carry the load while the matrix passes the
load and distributes it between them. Consequently, the
mechanical properties of the composite depend primarily
on the properties of the fiber and the matrix. The transfer
of stress from the matrix to the fiber occurs across the in-
terface between them, and the question of nature of the
bond in the fiber-matrix interface is one of the most im-
portant and least studied. Furthermore, the strength of
fibrous compositions depends on the volume content of
fibers in them and varies linearly with the concentration
of fibers from 5% to 80%. It is not possible to impregnate
and moisten all fibers with the matrix if the concentration
exceeds 80%. It impairs the ability of the matrix to trans-
fer stress and fully convey the stress to the fibers. Even-
tually, the condition of the fiber-matrix interface and the
nature of the fiber-matrix interconnection determine the
strength and load capacity of the entire composition. The
optimal behavior of the composite, in its turn, depends on
the “structural unity” of its components, which assumes
good interconnection among all the elements of the
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reinforcement and the matrix providing a uniform trans-
mission of forces from component to component along
with their structural deformation as one piece.

Compositions providing the above described struc-
tural unity are considered to be perfect or “model’, for
example, compositions with parallel fibers that stretch
along the fiber (Korten 1970). In this case, the aim of the
research is to reveal the nature of destruction and to the-
oretically evaluate the tensile strength of a “model” of the
composition, as well as to find the answer to the ques-
tion of what caused the damage of the structural integ-
rity, which may be conditioned by the presence of cracks
formed together during the manufacturing process or un-
der the influence of stress and environment in the process
of loading. For example, compositions made of strong
plastic fibers and a plastic matrix, which adhere well to
each other, are usually destroyed because of plastic flow
instability. In another case, the strength of a composition
depends on the combination of tensile strength fibers and
the matrix, as well as the matrix tensile strength in shear.
In both cases, the strength of the fibers and the matrix
is quantitatively reproduced and determined on the basis
of the plastic properties of both materials. At the same
time, the strength of each of them has a minimum vari-
ation. Therefore, the strength of such a “model” compos-
ition can be expressed by the mean strength of the fibers,
the matrix and the volumetric content of the composition
components. The analysis of the properties of these com-
positions assumes the simplest possible consideration of
the effect of several important parameters, i.e. the volume
fraction of long fibers and the ratio of fiber length to the
diameter of fibers of finite length.

Such an analysis serves as a convenient starting
point describing the behavior of the composition based
on the average fiber strength, the essence of which is to
analyze the behavior of the composition tensile strength
and the fracture “model” compositions reinforced with
fibers with the same strength. Therefore, in McDanels
et al. (1963) and Kelly et al. (1965) it is proposed to di-
vide the “Stress-Strain” curve during the static loading
into several stages of destruction for different composi-
tions. For example, according to McDanels et al. (1963),
for compositions with a fiber volumetric fraction of
0.25, 0.50 and 0.75 made up of plastic filaments (Fig. 1 -
dashed line) and the plastic matrix (Fig. 1 - solid lines)
the curve is divided into the following four stages: 1)
elastic deformation of the fibers and matrix; 2) elastic
deformation of the fibers and plastic deformation of
the matrix; 3) plastic deformation of the fibers and the
matrix; 4) further plastic deformation accompanied by
the appearance of discontinuous fibers which, when ac-
cumulated, lead to the destruction of the composition.
All four stages show up if the matrix and the fibers are
plastically deformed. If the fibers are brittle (Fig. 1),
Stage 3 is not present and Stage 4 may be very short.
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Fig. 1. Stress-strain diagram of a “model” composition (dashed
lines) consisting of plastic filaments and a plastic matrix
(solid lines): V¢ — volumetric fraction of fibers, ¢, and & - the
proportional limit of the matrix and fibers (McDanels et al. 1963)

On the other hand, the behavior of compositions
based on a plastic matrix reinforced with strong brittle
fibers of finite length is more complicated. In this case,
there are at least two types of failure: either due to the
occurrence of the first rupture or due to multiple fibers
of finite length being torn. In the first case, the fracture
cross-section coincides with the fiber fracture cross-sec-
tion, which lets us suggest that, after the destruction
of the first fiber, the remaining fibers are overloaded.
Moreover, the elongation of the composition is compar-
able to the fragile fiber elongation. The second type of
failure is the evidence of either a weak adhesion between
the fibers and the matrix, insufficient strength of the
matrix, or of the defects generated during fabrication.
When calculating the tensile strength of such compos-
itions both types of fracture must be taken into account.

The behavior of the composition is quite complic-
ated if it includes a combination of fragile fibers (e.g.,
fiberglass) with a large variation of tensile strength
and a semi-brittle matrix (for example, epoxy resin).
The process of destruction in this case occurs due to
the accumulation of a critical number of fiber breaks,
which eventually extend in parallel to the fibers by
crack propagation either in the matrix or on the sur-
face of the section perpendicular to the fibers, which
results in the degradation forming very ragged edges.
Strength theories on such compositions use a statist-
ical fiber strength characteristic and a certain criterion
for the critical accumulation of fiber breaks, which is
based on the analysis of the beam strength; a connec-
tion is established between the statistical nature of the
fiber strength and the strength of the composition in
general. This problem was considered for the first time
by Parratt (1960), who suggested that the destruction of
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the composition occurs at the moment when the grow-
ing destruction of fibers leads to the shear failure of
the matrix, and a further increment of load cannot be
transferred to other fibers, because the shear strength
limit of the matrix has been reached.

The above discussed composition models do not
give an exhaustive answer to the question of the ultimate
strength and nature of destruction due to the compos-
ition tension. These models roughly simplify the real
material and are only intended to qualitatively describe
the phenomenon. Experimental methods used to study
the mechanics of composites, such as the method of
photoelasticity, the strain method, the moire and holo-
graphy, for example, (Deniel 1978), do not solve the
problems associated with the destruction at the micro
level. Therefore, it is clear that we need further experi-
mental research in order to reveal the actual mechanisms
of the deformation and destruction and take them into
account in the theoretical models aimed at determining
the strength of composites. For this purpose, we used
the method of acoustic emission (AE) characterized by a
high sensitivity to destruction mechanisms at the micro
level (Urbach et al. 2011).

2. Samples and test procedure

Tensile tests were carried out on two groups of samples
made of fiberglass (Fig. 2) with both warp and weft
fibers, which can be regarded as a structural feature.
The first group includes samples with transverse warp
fibers relative to the applied force (Fig. 2a), the second
sample is the same, however it has longitudinally ori-
entated base fibers relative to the same applied force
(Fig. 2b). The second group containing samples made
of fiberglass also included samples made of the CFRP. A
sample (Fig. 2) is a plate of a rectangular shape (2) fixed
on the upper and lower ends of plates 1 and 6 under
the testing machine clamps. The tension and acoustic
emission sensors were attached beforehand.

Figure 3 shows a measurement system of the
switching circuit used for these tests. For the reliabil-
ity and validity of the AE research two different devices
connected to the same AE sensor 2 were used: the AE
unit 10 (AF-15, Moldova) is the receiver of AE signals
with a bandwidth of 20 kHz - 2.0 MHz and the AE unit
9 (POCKET AE-2, USA) allows fixing the parameters
of AE signals in a frequency band from 1.0 kHz to 1.0
MHz. For a preliminary amplificatin of the AE signals,
for the device AF-15, preamplifier 8 with a 40 dB amp-
lification in the frequency range from 20 kHz to 2 MHz
was used, while for the device POCKET AE-2, preamp-
lifier 7 with a 26 dB amplification in the frequency range
from 100 kHz to 1 MHz was used. During the loading of
the samples, the device AF-15 fixed the total AE, while
the device POCKET AE-2 fixed the values of the total
AE, amplitude, intensity, energy and the duration of AE
signals.

The task of obtaining the AE signal change depend-
ence directly during the process of loading with the help
of the AF-15 device was solved by using a data acquisi-
tion card (11) (Fig. 3). In addition to the AE data, this
card received the data from the strain gauge module’s
(12) tension sensors (3), which contained the informa-
tion about the load power, the amount of piston move-
ment and the deformation. A similar problem in the
device POCKET AE-2 was solved using its parametric
input, which received the load data from the dynamo-
meter (6) (Fig. 3) of the loading system (5).

To prevent the reception of false AE signals from
the locations where the samples are clamped in the
clamps (4) (Fig. 3) of the traverse testing machine, the

testing technique assumed a preliminary compression
of each sample in the places where the upper and lower
pads (6) are fixed (Fig. 2) of a force of one and a half
times the work force in the jaws at which the sample is
statically loaded. In this case, in these places it is possible
to observe the Kaiser Effect (known in AE) which allows
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Fig. 2. Sample and scheme

Fig. 3. Measuring the complex switching diagram (a), the sample clamping diagram (b) and

the sample in clamps (c): 1 — Sample; 2 — AE sensor; 3 — tension sensor; 4 — clamp; 5 - loading
system; 6 — dynamometer; 7 and 8 — preamps; 9 — AE device POCKET AE- 2 (U.S.); 10 — AE-
15 unit AF (Moldova); 11 - card data collection; 12 - strain module
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obtaining the entire information solely from the AE zone
between the clamps which is subject to destruction in the
process of static loading.

3. Test results of fiberglass samples

For ease of analysis and comparative evaluation of the
test data, the graphs are presented in relative units. Some
results of these studies devoted to the experimental stud-
ies of the fracture mechanics of composites under tension
using AE are shown in (Urbahs et al. 2012, 2011). In this
article, the analysis of the results is continued by introdu-
cing the concept of the stages of damage accumulation.
Moreover, an attempt to recognize the subtle phenomena
of the nature of the fiberglass destruction was made by
using electron microscopy. For example, when testing
the samples with transverse based fibers relatively to the
tensile strength (Fig. 4), a two-stage nature of the com-
posite deformation in both the deformation parameters
(areas 1 and 2) and in the summary parameters of AE
(portions 11 and 21) was revealed: the stage of propor-
tional changes in these parameters due to stress (sections
1 and 11) and the stage of intensive increment character-
izing the beginning of the process of irreversible destruc-
tion of the composite (sections 2 and 21).

Curves in both the deformation parameter and
the AE parameters are similar to the AE curve charac-
terizing the deformation behavior of a pure matrix (see
Fig. 1, curve V; = 0), i.e. the matrix with a zero volu-
metric fraction of fibers and the absence of weft fibers
having strongly elastic, as seen from the figure, the de-
formation stage and the stage of fluidity. In our case,
the presence of weft fibers, along which the process of
loading occurs, leads to the redistribution of the load,
one part of which is felt by the weft fibers themselves and
the other part falls on the matrix thus eliminating the
stage of pure strength observed in Figure 1 (curve with
V¢ = 0). As seen from Figure 4, the process of permanent
deformation (Stage 2 composite fracture) starts at about
0.8 of the breaking stress of the deformation parameter
(border areas 1 and 2) and 0.75 of the failure stress of the
total AE parameter (border areas 11 and 21). As in this
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Fig. 4. Curve of the total AE change and deformation due to
the stress-strain and the assumed mechanism of destruction of
the composite with a transverse warp fiber position relative to
the tensile strength (B)
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Fig. 5. A macro photo of a fragment of the destroyed sample
portion (x30)

case the warp fibers have almost no load, this type of de-
struction is characteristic to the destruction of the mat-
rix partially, i.e. epoxy resins, and partially of the weft
fibers. Figure 5 shows a photograph of a fragment of one
of the damaged sections of the composite whose curve is
shown in Figure 4a. The photograph shows the destroyed
weft fibers and the matrix.

The assumed mechanism of destruction of this
composite is clearly illustrated by the scheme shown in
Figure 5 on the right, which corresponds, as described
above, to the two-stage nature of deformation, while the
loading of the sample shows the following sequence:

— from the initial state of the sample length L to the

loading corresponding to one of elastic deform-
ation AL (Stage 1);

- from the beginning of destruction of the first
weft fiber and the matrix to the complete de-
struction of the entire cross section of the com-
posite sample (Stage 2).

Thus, at the first stage of the loading, the tension
of weft fibers, which are involved in the matrix load re-
distribution within the limits of the elastic deformation,
occurs. During the second stage, the exhaustion of some
strength weft fibers or groups of fibers occurs. The de-
formation parameter still does not respond to it, but the
intensity of the total AE increment starts to increase.
With further loading a sequential load redistribution
to the remaining undamaged weft fibers occurs, which
leads to a further loss of strength of one or a group of
them. The intensity of the total AE increment continues
to grow. A further increase in the load apparently causes
the process of self-destruction. From this moment, the
deformation parameter begins to respond, which, as
seen from Figure 4, begins to grow more intensely than
the load. There is a rapid increment in both parameters
until the complete destruction of the sample cross sec-
tion occurs. Hence, the beginning of the composite de-
struction under such a type of load is actually revealed,
as seen from the AE data, 5-6% earlier than shown by the
deformation parameter. It was confirmed by subsequent
tests. The effect of training on the mechanical properties
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Fig. 6. Dependence of the cumulative AE and the deformation
on the stress-strain of a sample with transverse fibers with
a triple training corresponding to 40% of the breaking load
(sample width: 20 mm)

of test samples with a triple training is characterized by
the curve shown in Figure 6.

It is seen that the whole process is similar to the pre-
vious test result: there are areas of a proportional change
of the deformation parameters and the total AE voltage
and the phase of their intensive increment characteriz-
ing, similarly to the first case, the beginning of the pro-
cess of composite irreversible destruction. However, the
beginning of the processes of irreversible damage occurs
earlier (starting approximately from 0.7 of the rupture
stress by the deformation parameter and from 0.65 of the
destructive stress by the parameter of the total AE). It
can be seen that the training of the sample delayed the
beginning of the process of irreversible destruction by
approximately 10%.

The results of sample testing with a longitudinal
fiber direction along the tensile force are shown in Fig-
ure 7, on the right, which presents the graphs of depend-
ence of the deformation and the total AE on the stress in
the sample cross section during the static loading. For
convenience of analysis and comparative evaluation of
test results, the data in the graphs, like in the previous
case, is presented in relative units. It can be seen that the
whole process of loading in the deformation parameters
(see Fig. 7a, curve strain) has almost a linear depend-
ence. However, the nature of the changes in the total AE
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Fig. 7. Graph of the total AE change and the deformation due
to the stress-strain (a) and the assumed mechanism for the
destruction of the composite in the longitudinal arrangement
of base fibers with respect to the tensile force (b)

has a distinctive staging that can be divided into three
stages:

- 1% stage - the initial stage of the total AE intens-
ive growth;

— 2" stage - the stage of the total AE stabilization;

- 3" stage - the stage of the total AE secondary
intensive growth up to the destruction.

All three stages form a single S-shaped curve of the
total AE change. Thus, according to the nature of the
total AE change, we can evaluate the micro destruction
process staging, which cannot be done on the basis of the
deformation parameters. Such a nature of the S-shaped
behavior of the total AE is observed in all samples with
fibers in the longitudinal direction with respect to the
applied load.

Figure 8 shows a fragment of the damaged section
which was obtained by an electron microscope with a
resolution of x1000. When studying the nature of fiber
breakage, it is possible to see the sheaf-shaped placement
along the length of the destruction area.

The assumed mechanism of the composite de-
struction in this case is clearly illustrated by the scheme
shown in Figure 7b (right), corresponding to the three-
step nature of the deformation, as described above,
where the loading of the sample is shown in the follow-
ing sequence:

— from the initial state of the sample with length L,

when the warp fibers are not stretched up to their
P, loading corresponding to their tension before
deformation AL (Stage 1). An intensive growth
of the total AE at this stage is observed mainly
due to the micro-cracking of weak spots in the
coupling of the matrix with the base fibers;

- from the beginning of the loading, when all the
warp fibers are beginning to take the whole load
up to the critical load P, ,when one of the base
fibers or a group of fibers is on the verge of losing
strength (Stage 2). At this stage the micro-crack-
ing processes occur a little bit slower because they
occurred mainly during the first stage, which is
reflected in the behavior of the total AE. It be-
comes more hollow at this stage;

RTU-TTI kompoZit24x1000
SE MAG: 1000 x HV: 3.0 kV WD: 17.0 mm

Fig. 8. A fragment of the destroyed portion of the composite
(x1000)
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- from the beginning of the loading, when one of
the base fibers or a group of fibers lose strength
up to the loading Pultimate, in which the com-
posite is completely destroyed (Stage 3). At this
stage, a sequential redistribution of the load on
the remaining intact base fibers occurs in the
matrix and a higher load leads to a further loss
of strength by another weakest fiber. The intens-
ity of the total AE increment starts to grow. With
further loading the process of selfsimilarity of
the base fiber destruction occurs, which causes
further rapid growth of the total AE. At the
same time, the deformation parameter continues
to grow uniformly and practically does not re-
spond to any stages of the composite fragmentary
strength loss up to its full destruction.

The effect of training equal to 20% of a fail-
ure load does not significantly affect the nature of the
“S-curvature” of the total AE (Fig. 9a) and, as it can be
seen, the “S-curvature” is still present, but both the stage
of a stable change of the total AE and the secondary stage
of a rapid change in the total AE up to the destruction
decrease while the third stage occurs more rapidly than
without training.
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Fig. 10. Graph of the total AE change and
the deformation due to the stress-strain with
a longitudinal arrangement of warp fibers
relative to the tensile force.

Further testing of the samples with a training of at
least 20% of the ultimate load showed that the S-shaped
form remains both with different amounts of training
and with the change in the width of the sample, although
in these cases the strain measurement, like in the case
without training, provides a rectilinear dependence of
the deformation on the stress-strain (Fig. 9b). However,
the AE shows that the process of a triple training (Fig. 9a)
and the process of a six-time training (Fig. 9b) leaves its
trace in the form of the Kaiser Effect (Pollock 1989) (ho-
rizontal portions of the total AE curve). However, at least
a 35% of the breaking load training affects the behavior
of the total AE (Fig. 9b). The Kaiser Effect disappears, the
process of destruction becomes a two-stage process and
the main part of the process occurs at the first stage.

As test results are identical to each other, Figure 10
presents, in relative units, an example of the test results
of a sample with the longitudinal fibers along the tensile
force as well as the fracture fragments of a sequential de-
struction of the CFRP under a static loading (Fig. 11).

It is evident that the whole process of damage accumu-
lation according to the AE parameters has a distinct staging
that can be split, like in the previous case with fiberglass, into
three stages: the initial stage of the total AE intensive growth,

Fig. 11. The sequence of the CFRP destruction under a static loading. a - initial
state; b — intermediate (the destruction of the matrix); ¢ - final (the destruction
of the fibers)
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RTU-TTI kempozit
SE MAG: 300 x HV: 4.0 KV WD: 16.0 mm

Fig. 12. Photo of the destroyed sample fragment (x300)

the total AE step stabilization and the secondary stage of the
total AE intensive growth up to the destruction. However,
unlike fiberglass with its “S- shaped” curve, all three stages
form a single “bucket” shape of the total AE change. The
supposed mechanism of the composite destruction in this
case, which is similar to the mechanism of the fiberglass de-
struction, is illustrated in the scheme shown in Figure 7,
on the right. Figure 12 shows a fragment of the damaged
section which was obtained by an electron microscope with
a resolution of x300. When studying the nature of fiber
breakage, it is possible to see their sheaf shaped placement
along the length of the destruction area, the same as with
the sample made of fiberglass (Fig. 6).

Thus, the existing methods for determining the
mechanical properties do not allow evaluating the staged
process of the destruction of samples with longitudinal
fibers with respect to load and take more time to charac-
terize the staging of the destruction process of the samples
with the transverse direction of the fibers in relation to the
load. Therefore, the use of the AE method for the study
of failure micromechanics significantly improves the reli-
ability of the model and accurate methods of determining
the mechanical properties of a composite, which is a prom-
ising direction of research into the application of the acous-
tic emission method for determining the mechanical prop-
erties of a composite. In addition, further research into the
“S-shaped” and “bucket” forms of behavior of the total AE
should be directed (with the involvement of fractographic
analysis) towards studying the processes in the compos-
ite microfracture that are responsible for the formation of
such “S-curvatures” and “bucket” shapes of the total AE.

4. Conclusions

For the samples made of fiberglass with transverse fibers
with respect to the applied load, the process of destruction
both in the deformation parameters and in the parameters
of the total AE has two stages of damage accumulation:
the stage of proportional changes in these parameters
due to stress and the stage of intensive increment of these
parameters. At the same time the parameter of the total
AE shows that the process of destruction begins 5-6%
earlier than it is shown by the deformation parameter.

The nature of the total AE change for the fiberglass
and carbon composites with longitudinal fibers with re-
spect to the applied load shows that the process of destruc-
tion consists of three stages of damage accumulation that
cannot be seen in the parameters of deformation. For the
samples made of fiberglass without training or with a train-
ing of up to 20% of the ultimate load, the “S-shaped” form
of behavior of the total AE is retained in all samples without
exception, characterizing a three-stage process of damage
accumulation, wherein the triple and six-time training for
small values of load (up to 20 % of the failure load) has little
influence on the behavior of the total AE curve.

The triple training for large values of load (above
35% of the failure load) exerts a strong influence on the
behavior of the total AE curve, and the process of dam-
age accumulation occurs in two-stages.

However, in both the first and the second case
the training does not have any influence on the tensile
strength at these loading conditions.
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